Room-temperature semiconducting ferromagnet and half-metallic magnetic materials attract significant scientific attention due to their great potential application in spintronic devices.
1,2 Double perovskite La 2 NiMnO 6 (LNMO) and La 2 CoMnO 6 (LCMO) are attractive due to their impressive properties and potential on industrial applications. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] LNMO is a ferromagnetic semiconductor with high critical temperature of T c % 280 K, which may be used in commercial solid-state thermoelectric (Peltier) coolers. 3 LCMO is also a ferromagnetic semiconductor with critical temperature T c % 230 K. 4, 9 Several crystal structures have been identified, and it is confirmed that the ferromagnetic semiconductors LNMO and LCMO with high T c are P21/n monoclinic structure, in which octahedra with Ni (or Co) and Mn centers alternately stacking along (111). Recent reports indicate LNMO and LCMO have considerable magnetodielectric effects at room temperature, which is very useful for future electronic device. [1] [2] [3] [4] [5] LNMO thin films have been grown on different substrates, such as NdGaO 3 (110), SrTiO 3 (100), LaAlO 3 (100), and MgO (100). [14] [15] [16] [17] [18] Meanwhile, LCMO thin films can be grown on cubic (001) SrTiO 3 substrates by pulsed laser deposition. 19 Either in the form of bulk or films, local Co/Mn or Ni/Mn disorder has been observed which results in the coexistence of multi phases with various behaviors. [3] [4] [5] [6] [7] [8] [9] [10] The distinct disorder effects in LNMO and LCMO thus call for the first-principle investigation for effect of cation ordering, but such kind of calculation does not exist. Furthermore, due to recent developments of molecular beam epitaxy (MBE) technology, perovskite oxides superlattices can be grown layer by layer with very high quality. Thus, it should be feasible to grow LNMO (LCMO) with Ni (Co) and Mn cations alternatively along (001), (110), and (111) with high atomic order. Therefore, it attracts more interest to investigate the effect of . The electronic structure calculations were carried out using the plane wave pseudopotential method implemented within the Vienna ab-initio simulation package (VASP). 20 Generalized gradient approximation (GGA) 21 is used for exchange-correlation functionals. Electronic correlation effects are considered by using GGA þ U (rotationally invariant approach) with U eff ¼ 3 eV for Mn, CO, and Ni, which are typical values used in the literature. [11] [12] [13] Projected augmented wave (PAW) potentials 22 were used, and the kinetic energy cutoff for expansion of wave functions was 400 eV. Reciprocal space integrations were carried out with a k-space mesh of 7 Â 7 Â 5. The internal atomic coordinates are relaxed until force on each atom is smaller than 10 meV/Å . Calculated total energy and magnetic moment are listed in Table I . It is found that FM state has the lowest energy for each atomic ordering structure of LNMO and LCMO, despite of tiny discrepancy of total energy between FM and AFM state of LNMO (110) with GGA and LCMO (110) with GGA þ U. Both GGA and GGA þ U calculations indicate that the total energy of FM states with (111) atomic order is the lowest for both LNMO and LCMO, which are consistent with experimental reports. The choice of U value would not change the ground state. The calculated magnetic moments of LNMO (111) and LCMO (111) FM state are in accordance with previous theoretical studies. [11] [12] [13] The a)
Min Zhu and Yong Lin contributed equally to this work. d states are separated into distinguished t 2g and e g states in strong octahedra crystal field. Furthermore, they are slightly split into five singlet states due to additional weak distortions in P21/n monoclinic structure. In Fig. 2(f) , the total DOS of LNMO (111) FM state shows a gap of 0.4 eV, which is smaller than experimental measurement. 8 In Fig. 3(f) , the total DOS of LCMO (111) FM state does not show an insulator gap but is a half-metal. The underestimation of gap size for LNMO and wrong result for LCMO indicates that GGA is not adequate, and electronic correlation effect is crucial. As shown in Figs. 2(e) and 3(e), GGA þ U predicts reasonable gaps for both LNMO (111) and LCMO (111) FM states, which are consistent with experiments. The gap value is found to increase more or less linearly upon increasing U value. It is realized that LNMO (111) has a Coulombenhanced band gap between fully occupied Ni e g and empty Mn e g states in majority spin channel, whereas LCMO (111) has a Hubbard U gap caused by electronic correlation in 2/3 occupied Co t 2 g states in minority spin channel. Noticeably, the origin of gap in LCMO (111) low-temperature P21/n monoclinic phase is different from that of high-temperature rhombohedral phase (Space group R 3).
23, 24 Moreover, similar results obtained from full-potential linearized augmented plane wave calculations 25 indicate the choice of method does not influence our conclusions.
LNMO (001), LNMO (110), LCMO (001), and LCMO (110) are half-metal predicted by GGA þ U, as shown in Figs. 2(a), 2(c), 3(a), and 3(c) , respectively. The strong onsite repulsion of electrons drives one of the metallic channel insulating, which is different from the cases of LNMO (111) and LCMO (111). LNMO (111) has an electronic configuration of t 
has FM exchange interaction in either GGA or GGA þ U, although being a tendency to AFM. In summary, our calculations indicate that LNMO (001), LNMO (110), LCMO (001), and LCMO (110) should be ferromagnetic half-metal, while LNMO (111) and LCMO (111) are ferromagnetic semiconductors with a Coulomb-enhanced band gap and a Hubbard U gap, respectively. As the cationic ordering has significant influence, it could be, therefore, meaningful to explore the cationic ordering effect in more perovskite oxides. 
